Neurons have at least two pathways of regulated secre tion, which involve two classes of secretory organelles: typical synaptic vesicles (SVs) and large dense-core vesi cles. Large dense-core vesicles store and secrete peptide neurotransmitters and amines, and may be seen as the neuronal counterpart of secretory granules of endocrine cells. SVs are highly specialized secretory organelles, which store and secrete non-peptide hormones and play a dominant role in the fast, point-to-point signalling typ ical of the nervous system. Microvesicles that share a variety of biochemical and functional similarities with SVs (synaptic-like micro vesicles) have recently been described in endocrine cells. SVs and synaptic-like microvesicles are closely related to vesicular carriers of the receptor-mediated recycling pathway. They undergo repeated cycles of exo-endocytosis, which are thought to involve endosomal intermediates.
INTRODUCTION
Neurons are highly polarized cells that are specialized for the reception, integration and emission o f signals. The perikaryal-dendritic region is specialized for receptive func tions, the axon for the translocation of signals over long distances, and the axon terminal for the regulated secretion of signal molecules. Two main classes of organelles par ticipate in regulated secretion from nerve terminals: large dense-core vesicles and synaptic vesicles (SVs) (Hokfelt et al., 1986) . Large dense-core vesicles store and secrete pep tide neurotransmitters and may also contain amines. They are the neuronal equivalent of secretory granules of endocrine cells, which secrete amines and peptide hor mones. Large dense-core vesicles have a scattered distrib ution in nerve terminals where their exocytosis is not restricted to the synaptic region and is preferentially trig gered by trains o f closely spaced action potentials. Secre tion via large dense-core vesicles plays primarily a modu latory role at synapses (De Camilli and Jahn, 1990; Thureson-Klein et al., 1988) . SVs store and secrete 'fast' non-peptide neurotransmitters and represent a highly spe cialized class of secretory organelles. They are homoge neous in size and they form large clusters in which SVs are connected to each other by a cytoskeletal matrix. These clusters, in turn, are docked to the region of the plas malemma that faces the synaptic cleft. Exocytosis of SVs takes place selectively at this region and is stimulated with an extrem ely short latency (less than 1 m illisecond) by nerve term inal depolarization. Secretion via synaptic vesi cles is responsible for the fast point-to-point signalling typ ical o f synapses as w ell as for m odulatory signalling (Pappas and Purpura, 1972 ; D e Cam illi and Jahn, 1990) .
The biogenesis o f large dense-core vesicles is w ell estab lished. Like endocrine secretory granules, large dense-core vesicles are assem bled and loaded w ith their contents in the region o f the fraws-Golgi netw ork (TG N ) and are trans ported to the cell periphery as m ature organelles (Tooze, 1991) . T he site w here SV s are first generated rem ains unclear, but is well know n that SVs undergo cycles o f exoendocytosis in nerve term inals and that at each cycle they are re-loaded with neurotransm itter content by transporters and enzym es present in the axon ending (Ceccarelli et al., 1973; H euser and Reese, 1973; Betz and Bew ick, 1992) . Thus, these organelles can be continuously re-form ed at a site distant from the TG N (R egnier -V igouroux et al., 1991; C am eron et al., 1991; L indstedt and Kelly, 1991) .
The precise recycling pathw ay o f SVs and the m olecu lar m echanism s underlying this process have becom e the focus o f intense investigation over the last several years (De Cam illi and Jahn, 1990; Siidhof and Jahn, 1991; Trim ble et al., 1991; G reengard et al., 1993; Kelly, 1993) . T he m ost w idely accepted hypothesis is that SV recycling involves clathrin-coated vesicles and early endosom al interm ediates (Heuser, 1989; M aycox et al., 1992) , but a direct re-for mation o f SVs from the plasm alem m a cannot be ruled out. If the re-form ation o f SVs involves fusion of coated vesi cle-derived structures with early endosom es and budding from endosom es, the recycling of SVs can be seen as a spe cial case o f the receptor-m ediated recycling pathw ay (M ellm an et al., 1987) . By extension, it w ould also represent a special case o f vesicular recycling, w hich takes place at all the stations o f the secretory and endocytic pathw ay w here anatom ically distinct com partm ents are functionally inter connected by vesicular traffic. Thus, the study o f the m ech anism s involved in budding, docking and fusion o f SVs and SV -derived structures m ay shed light on m echanism s o f vesicular traffic in general. A unique advantage offered by the study o f SVs as a prototypic vesicular carrier is the pos sibility o f isolating them in high yield and purity (H uttner et al., 1983) . This facilitates the identification and charac terization o f the m ain m olecular com ponents o f their m em branes, an im portant first step in elucidating m olecular m echanism s. M any protein fam ilies present in SV m em branes have already been identified. In order to establish how this inform ation is relevant to other aspects o f m em brane traffic it is im portant to establish the precise rela tionship betw een SV recycling and other types of m em brane recycling. This short review w ill address this relationship.
Synaptic vesicles represent one o f the best-characterized transport vesicles. A schem atic draw ing, w hich illustrates som e o f the m ain protein com ponents that have been iden tified on SVs, is show n in Fig. 1 Siidhof and Jahn, 1991; B ennett et al., 1992; Jessel and Kandel, 1993; G reengard et al., 1993) .
SV RECYCLING AND CONSTITUTIVE PLASMALEMMA-ENDOSOME RECYCLING IN ALL CELLS: CLUES FROM TRANSFECTED FIBROBLASTS
O ne approach, w hich has been taken to elucidate the rela tionships betw een the trafficking o f SV proteins and wellestablished traffic pathw ays o f all cells, is to transfect SV proteins in cells that do not contain SVs and to m onitor Fig. 1 . Schematic drawing illustrating some the major protein families of synaptic vesicles and of the presynaptic plasmalemma. Synaptobrevin is the target for the endopeptidase activity of botulinus toxin B and tetanus toxin; the neurexin family includes the receptor for alatrotoxin (reviewed by D e Siidhof and Jahn, 1991; Bennett et al., 1992; Jessel and Kandel, 1993; G reengard et al., 1993 ; see also Scheller et al., this volume). their targeting in this ectopic environm ent. T he rationale behind this approach is that a SV protein will follow the intracellular trafficking route m ore closely related to the trafficking route o f SVs in neurons. W hen synaptophysin, one o f the m ost abundant SV m em brane proteins (W ieden mann and Franke, 1985; Jahn et al., 1985) , was expressed in fibroblastic CH O cells, its intracellular distribution was virtually identical to that o f transferrin and LDL receptors, tw o proteins that undergo constitutive recycling through the receptor-m ediated recycling pathw ay (Johnston et al., 1989; Cam eron et al., 1991; Linstedt and Kelly, 1991) . C olocal ization was dem onstrated by a variety o f com plem entary procedures including im m unocytochem istry, im m unoisolation, and equilibrium and velocity centrifugation. A ddi tionally, brefeldin A (BFA) induced a redistribution into the sam e tubular netw ork o f both the transferrin receptor and synaptophysin (Fig. 2) . B FA is a fungal m etabolite that induces a m assive fusion o f early endosom es with each o ther and w ith elem ents o f the TG N, resulting in the fo r m ation of an interconnected netw ork o f tubules w here p ro teins o f early endosom es and the TG N are interm ixed (Lippincott-Schw artz et al., 1991) .
Sim ilar results were obtained w hen synaptoporin was expressed in CH O cells (Fykse et al., 1993) . These find ings indicate that at least tw o abundant SV proteins have targeting inform ation, w hich leads to their accum ulation in the receptor-m ediated recycling pathw ay. They support the hypothesis that the recycling o f SVs is closely related to the vesicular recycling betw een early endosom es and the plasm alem m a.
PARTIAL OVERLAP OF SV RECYCLING AND TRANSFERRIN RECEPTOR RECYCLING IN ENDOCRINE CELLS
T he elucidation o f the relationship betw een the SV recy cling pathw ay and the receptor-m ediated recycling pathw ay in neurons is com plicated by the presence o f distinct cel lular com partm ents specialized for different functions. It w ould be useful to com pare these tw o pathw ays in cells that contain SVs but that are not polarized. Cell lines derived from endocrine cells that secrete am ines and/or pep tide horm ones have these properties.
U ntil recently, SVs were considered neuron-specific organelles. H ow ever, it is now clear that organelles closely related to SVs (referred to as synaptic-like m icrovesicles) are present in endocrine cells (De Cam illi, 1991) . Synap tic-like m icrovesicles have a m em brane com position very sim ilar to that o f SVs and, like SVs, undergo exocytosis, endocytosis and recycling (N avone et al., 1986; W ieden m ann et al., 1988; Baum ert et al., 1990; C am eron et al., 1991; Linstedt and Kelly, 1991; R égnier-V igouroux et al., 1991) . In addition, they appear to share with SVs the prop erty o f storing and secreting signalling m olecules: synap tic-like m icrovesicles o f pancreatic p-cell lines w ere shown to contain G A BA (Thom as-R eetz et al., 1993) and those of the chrom affin cell-derived PC 12 cells were show n to con tain acetylcholine (Bauerfeind et al., 1993) . Thus, synapticlike m icrovesicles o f endocrine cell lines represent a useful m odel system with w hich to study basic aspects o f SV traf fic in a non-polarized cell.
In endocrine cells SV proteins are present prim arily in two pools. O ne pool is localized in organelles w ith the same m orphology and sedim entation characteristics as SVs, i.e. in bona fide synaptic-like m icrovesicles. The other pool is colocalized with the transferrin receptor and the LD L recep tor in tubulovesicular structures with the m orphology and sedim entation characteristics o f early endosom es. T he two pools o f SV proteins present in a low -speed cell super natants o f endocrine cell lines (RIN cells and PC 12 cells) are dram atically dem onstrated by velocity sedim entation in glycerol gradients L indstedt and Kelly, 1991) . In im m unoisolation experim ents carried out with PC 12 cells, about tw o-thirds o f the transferrin recep tor w as recovered w ith synaptophysin-containing m em branes . U pon BFA treatm ent, a large fraction o f synaptophysin is redistributed in the sam e tubu lar network, w hich is positive for transferrin receptor (our unpublished observations). Taken together these data suggest that in endocrine cells the traffic o f SV proteins and the constitutive recycling of transferrin receptor are highly interrelated. A cartoon, w hich sum m arizes possible relationships of synaptic-like m icrovesicles to early endosom es in endocrine cells, is show n in Fig. 3 . The m odel predicts that at each exo-endocytotic cycle, m em brane proteins o f synaptic-like m icrovesicles are internalized together with recycling receptors via clathrin-coated vesicles and are then delivered to early endosom es. Subsequently, SV proteins are sorted aw ay from recycling receptors in early endosom es and are assem bled into m em brane m icrodom ains, w hich bud o ff as synaptic-like m icrovesicles. W hether or not SLM V s may also be re-form ed directly from the plasm alem m a is not know n at present.
SEGREGATION OF SYNAPTIC VESICLE RECYCLING FROM TRANSFERRIN RECEPTOR RECYCLING IN POLARIZED NEURONS
In m ature neurons, the presynaptic term inal is the cellular com partm ent specialized fo r the recycling o f SV proteins. However, it is clear that endosom e-plasm alem m a recycling pathw ays operate both in axons and in dendrites. Until recently, little inform ation was available regarding recy cling traffic in the perikaryal-dendritic region o f neurons. G iven the com plexity o f neuronal tissue, an analysis of these traffic pathw ays cannot be practically perform ed on neurons in situ using either m orphological or biochem ical m ethods. H ow ever, central nervous system neurons can be grow n in prim ary culture, and cultured neurons represent a pow erful system for studying protein and organelle traffic using m orphological techniques. It was show n that cultured hippocam pal neurons faithfully express m any o f the p ro p erties o f their in situ counterparts. T hese neurons establish axonal and dendritic polarity even when grow n in isolation, thus allow ing for the study o f those features o f cell polar ity that are intrinsic to a neuron irrespective o f its contact w ith neighboring cells (G oslin and Banker, 1989) . and are then sorted away from recycling receptors in early endosomes. The demonstration that a significant fraction o f the transferrin receptor is colocalized with SLMVs proteins in endocrine cell lines (Johnston et al., 1989; Cameron et al., 1991; Linstedt and Kelly, 1991) strongly suggests that the recycling of SLMVs proteins involves transit through early endosomes. However, the coexistence o f a direct route from the plasmalemma to SLMVs cannot be excluded.
SV proteins are already present in hippocam pal neurons in vitro at stages that precede the grow th o f an axon (stage 2, see Dotti et al., 1988) . As soon as the axon begins to differentiate (i.e. one o f the cell processes acquires a unique m orphology and starts elongating at a faster rate), SV pro teins becom e concentrated in this process. T heir concen tration in dendrites slowly declines, but never falls to unde tectable levels (M atteoli et al., 1991, 1992; M undigl et al., 1993) . W hen view ed by im m unofluorescence m icroscopy, im m unoreactivity for SV proteins in isolated axons appears with a punctate distribution throughout the axonal arbor. W hen axons form synaptic contacts with other cells, these fine im m unoreactive puncta coalesce into m uch brighter and larger puncta, w hich correspond to synaptic clustering o f SVs (Fletcher et al., 1991; M atteoli et al., 1991) .
D o SVs present in the processes o f isolated neurons already undergo exocytosis and recycling? Typically, SV exocytosis is m onitored by post-synaptic electrical record ing, but this assay cannot be applied to isolated neurons. To answ er this question, a m orphological assay to detect SV exocytosis w as developed (M atteoli et al., 1992) . This assay, w hich is independent o f the release o f neurotrans m itter, is based on the detection o f lum enal epitopes o f the SV protein synaptotagm in I, w hich are exposed to the cell surface as a result o f exocytosis. Only a very small pool o f synaptotagm in I is present at the cell surface under control conditions (M atteoli et al., 1992) .
A pplication o f this assay dem onstrated a very active exoendocytosis o f synaptotagm in-I-containing vesicles in the developing axons o f isolated neurons (Fig. 4) (M atteoli et al., 1992) . Furtherm ore, it indicated a very long half-life of SVs in the axon. Binding o f antibodies to the lum enal dom ain o f synaptotagm in I did not appear to target the pro tein for lysosom al degradation and SVs w ere found to recy cle for several days with the antibodies present in their lumen. In contrast, another endocytic m arker, w heat-germ agglutinin (W G A ), was taken up by the axon, but rapidly targeted to a population o f vacuoles distinct from SVs and cleared from the axon by transport to the cell body w ithin less than 24 hours (M atteoli et al., 1992) .
In the sam e neurons, the transferrin receptor w as pri m arily restricted to the perikaryal-dendritic region at all stages o f differentiation. This w as show n b oth by im m unostaining the receptor in fixed perm eabilized cells w ith m onoclonal antibodies, and by steady-state labeling o f living neurons w ith fluorescent transferrin. In both cases the tw o staining patterns w ere identical, consistent w ith a con stitutive exo-endocytotic recycling o f transferrin receptor in dendrites. As soon as an axon em erges, the transferrin receptor is preferentially excluded from that process. In m ore m ature axons the transferrin receptor is virtually unde tectable M undigl et al., 1993) . The distribution o f transferrin receptor im m unoreactivity in dendrites is sim ilar to the distribution o f the dendritic pool o f several SV proteins (SV 2, protein p29, synaptotagm in, synaptobrevin, rab3A ), and alm ost identical to that o f synaptophysin M undigl et al., 1993) . (M undigl et al., 1993) . These results strengthen the hypothesis that dendritic and axonal recy cling pathw ays differ in som e fundam ental property. A ddi tionally, they suggest that SV proteins are differentially sorted in the perikaryal dendritic region. W hile the signif icance o f these findings rem ains unclear and requires future studies, they clearly indicate that SV proteins are not directly assem bled into m ature SV m em branes w hen they first exit the Golgi com plex as new ly synthesized proteins. This is in agreem ent w ith recent results obtained in PC 12 cells indicating that new ly synthesized synaptophysin is transported to the cell surface by the constitutive pathw ay (R egnier-V igouroux et al., 1991) .
In sum m ary, the perikaryal-dendritic region o f isolated hippocam pal neurons developing in culture contain early endosom es w here the transferrin receptor is colocalized w ith synaptophysin and w ith partial pools o f other SV pro teins. These endosom es may represent the neuronal equiv alent o f typical early endosom es, w hich are found in all cells. R ecycling o f SVs in axons seem s to occur via endosom al interm ediates w ith unique properties. T he tw o recy cling com partm ents may be functionally interconnected via vesicular carriers, since transcytosis in both an anterograde and a retrograde direction has been docum ented in neurons (K uypers and U golini, 1990) . W hile the transferrin recep to r is excluded from axons, SV proteins are greatly con centrated in these processes, w here they have a long half life, but are not excluded from dendrites. T he striking concentration o f SVs observed in axons may be the result o f both selective targeting and selective retention.
TWO DISTINCT RECYCLING COMPARTMENTS: SIMILARITIES BETWEEN NEURONS AND POLARIZED EPITHELIAL CELLS
T he existence o f functionally distinct early endosom al sys tem s operating at tw o distinct poles o f the cell has been docum ented in polarized epithelial cells (Partonet al., 1989; R odriguez-B oulan and Pow ell, 1992) . Several sim ilarities have already em erged betw een the sorting o f m em brane com ponents to the apical and basolaterals dom ains of epithelial cells and the sorting o f m em brane com ponents to the axonal and dendritic plasm alem m al dom ains, respec tively (D otti et al., this volum e). W hen hippocam pal neu rons in culture are infected w ith the vesicular stom atitis virus (VSV), the V SV glycoprotein, w hich is sorted to the basolateral dom ain in M D CK cells, is localized exclusively to cell bodies and dendrites. In contrast the hem aglutinin protein o f the avian influenza fowl plague virus (FPV), w hich is an apically sorted protein in M D C K cells, is directed preferentially, but not exclusively, to the axon in neurons (Dotti and Sim ons, 1990) . In addition, Thy-1, a glycosyl phosphotidylinositol anchored protein that is api cally located in M D C K cells, is sorted to the axonal dom ain o f cultured hippocam pal neurons (Dotti et al., 1991) .
The selective localization o f the transferrin receptor in dendrites and perikarya o f hippocam pal neurons in prim ary cultures (C am eron et al., 1991; M undigl et al., 1993) is in agreem ent w ith the selective localization o f this protein in basolateral endosom es o f epithelial cells (Fuller and Sim ons, 1986) (Fig. 5) . Synaptophysin colocalized in part with the 135 kD a glycoprotein (g p l3 5 ), w hich is localized only to the apical cell surface (O jakian and Schw im m er, 1988), and in part w ith the (3-subunit o f the N a/K -A T Pase (not show n), w hich is localized at the basolateral plasm a m em brane (Sm ith et al., 1987) . H ow ever, an additional intra cellular pool o f synaptophysin was also visible (Fig. 5 , and our unpublished observations).
T o assess further the cell surface dom ains at w hich synaptophysin is exposed, transfected cells w ere surfacelabeled using a m em brane-im perm eant biotin analog (sulfo-N H S-biotin; G raeve et al., 1989). Cells w ere grow n to confluency on polycarbonate filters to allow fo r the selective biotinylation o f either the apical or the basolateral plasm a m em brane dom ains. Synaptophysin becam e labeled w hen the biotinylation reagent was added to the apical or to the basolateral side o f the m onolayer at 0°C, dem onstrating that synaptophysin is exposed to both plasm alem m al dom ains ( Fig. 6 and our unpublished observations) . A dditionally, follow ing both apical or basolateral biotynylation, labeled synaptophysin becam e internalized. This w as dem onstrated by results obtained with the cleavable biotin analog NH S-SS-biotin (G raeve et al., 1989) . T he basolateral or the apical plasm a m em branes w ere selectively biotinylated w ith this com pound at 0°C, and then incubated at 37°C to allow endocytosis to occur. B iotin rem aining at the cell surface w as stripped by reduction w ith glutathione and then alky lated using iodoacetam ide. Endocytosis o f synaptophysin was m easured by the increase in the am ount o f biotinylated synaptophysin that becam e resistant to reduction by extra- ) and 10 days (10 D) on polycarbonate filters, were biotinylated using sulfo-NHS-biotin added to either the apical or the basolateral side of the filter chambers at 0°C in order to selectively label each cell surface. Labeled cell monolayers were detergent solubilized, extracts were prepared and used to precipitate biotinylated proteins with avidin-agarose beads. Precipitates were analyzed by im munoblotting with antibodies directed against synaptophysin. Synaptophysin was labeled when the biotinylation reagent was added to either the apical (A) or the basolateral (B) side of the monolayer. cellular glutathione over time (Graeve et al., 1989; and our unpublished observations) . Taken together these results suggest that synaptophysin is targeted to both basolateral and apical recycling com partments of the cell. These findings indicate a parallel with the distribution of the protein in isolated hippocampal neu rons in primary culture: in these neurons synaptophysin as well as other SV proteins are concentrated in axons, but not excluded from dendrites. M DCK cells may represent an useful experimental system with which to identify the motifs of SV proteins that are required for axonal target ing.
It will be of interest to determine whether synaptophysin is targeted apically in M DCK cells via a direct route or by following transcytosis from the basolateral surface. Such an indirect route for apical delivery has been documented in polarized epithelial cells (Rodriguez-Boulan and Powell, 1992) . It will also be of interest to determine whether den dritic synaptophysin can be targeted to axons by an analo gous transcytotic route.
CONCLUDING REMARKS
SVs are highly specialized secretory organelles by which neurons secrete non-peptide neurotransmitters at synapses. Their recycling pathway appears to be closely related to the receptor-mediated recycling pathway that functionally interconnects early endosomes and the plasmalemma in all cells. In non-polarized cells that express SV proteins, the recycling of SVs partially overlaps with the recycling of transferrin receptor. In neurons, SV proteins are progres sively segregated away from transferrin receptors in paral lel with the establishment of dendritic and axonal polarity. This segregation correlates with the organization of two anatomically and functionally distinct recycling pathways, which may be closely related to the two recycling pathway present at the apical and basolateral domains of polarized epithelial cells.
